Identification of modifiable risk factors is gravely needed to prevent adverse prostate health outcomes. We previously developed a murine precancer model in which exposure to maternal obesity stimulated prostate hyperplasia in offspring. Here, we used generalized linear modeling to evaluate the influence of additional environmental covariates on prostate hyperplasia. As expected from our previous work, the model revealed that aging and maternal diet-induced obesity (DIO) each correlated with prostate hyperplasia. However, prostate hyperplasia was not correlated with the length of maternal DIO. Cage density positively associated with both prostate hyperplasia and offspring body weight. Expression of the glucocorticoid receptor in prostates also positively correlated with cage density and negatively correlated with age of the animal. Together, these findings suggest that prostate tissue was adversely patterned during early life by maternal overnutrition and was susceptible to alteration by environmental factors such as cage density. Additionally, prostate hyperplasia may be acutely influenced by exposure to DIO, rather than occurring as a response to worsening obesity and comorbidities experienced by the mother. Finally, cage density correlated with both corticosteroid receptor abundance and prostate hyperplasia, suggesting that overcrowding influenced offspring prostate hyperplasia. These results emphasize the need for multivariate regression models to evaluate the influence of coordinated variables in complicated animal systems.
Introduction
In 2014, prostate cancer was predicted to be the most frequently diagnosed male cancer in the United States. 1 Unfortunately, preventative care is limited by a lack of known modifiable risk factors for this disease. Given that prostate development occurs many decades before disease presentation, 2 we and others have suggested that environmental exposures during fetal and early childhood developmental stages may predispose precancerous prostate phenotypes that appear in late adult life. [3] [4] [5] To test the idea that maternal nutritional state is one such exposure, we previously gave female C57Bl/6J mice ad libitum access to a high-sugar, high-fat diet beginning at 4 weeks of age. After at least 4 weeks, when the dams had diet-induced obesity (DIO), we mated them to control chow-fed males and maintained the mothers on the high-sugar, high-fat diet through gestation and weaning. Control mothers were given ad libitum access to control chow diet the entire time. After weaning we maintained the maternal control-and DIO-exposed offspring on chow until sacrifice at approximately 16, 26, or 63 weeks of age. After sacrifice, we examined the dorsolateral prostate (DLP) epithelial ductal tubules (denoted here as ducts) of the offspring for signs of hyperplasia. We found that, at 26 and 63 weeks of age, the prostates of DIO-exposed offspring were more likely to have hyperplastic ducts than were those of controlexposed offspring. 3 Given that the offspring in our previous study was exposed to maternal DIO during early life (gestation until weaning), we hypothesized that other environmental exposures during early or adult life also influenced hyperplasia in prostates. Additionally, the mothers in the study were exposed to DIO for varying lengths of time before pregnancy. Thus, we did not know whether the length of time the mothers were obese before pregnancy influenced prostate hyperplasia in the adult offspring. However, it was impractical to perform a second exploratory 14-month long screen to identify additional potentially relevant environmental covariates and determine how long the mothers needed to be obese to predispose the offspring to prostate hyperplasia. Instead, we describe here statistical modeling of previously collected data to identify environmental exposures that influence prostate hyperplasia.
Bayesian statistical multivariate regression methodologies allow factors in the environmental milieu to be simultaneously considered for their combined effects on a given outcome. This approach has not traditionally been utilized in biological studies with genetically near-identical mice because the number of subjects is small and would limit such analysis. However, Nelder and Lee previously demonstrated that a Poisson (loglinear) generalized linear model (GLM) can be applied to ''small n'' studies. 6 Here, a GLM provides evidence that the number of male littermates in a cage (cage density) contributes to prostate hyperplasia in mice. We additionally show that cage density correlates with glucocorticoid receptor (GR) protein abundance in DLP. Together the data suggest that overcrowding may contribute to murine prostate ductal hyperplasia.
Methods

Mouse Husbandry and Collection
The data used here were derived from a study that was performed with approval from the Washington University Animal Studies Committee, Animal Welfare Assurance protocol # A-3381-01. Methods for mouse husbandry and evaluation were as published previously.
3 The 4-week-old C57Bl/6J female mice were purchased from The Jackson Laboratories (Bar Harbor, Maine) and housed 5 per cage in standard 12-hour light-dark conditions with ad libitum access to food and water. For each breeding cycle, 5 age-matched females were fed either control chow diet (PicoLab Rodent Diet 20; 13.2% of calories from fat) or standard highsugar/high-fat diet (TestDiet, 58R3; 59.4% of calories from fat 7 ; referred to here as DIO). Starting at 8 weeks of age, females were mated to age-matched males. Resulting offspring remained with their mothers until weaning (21 days) and then the male littermates were removed to individual cages of 5 animals and fed chow diet until killing. We analyzed data from each of the 54 mice of the following maternal diet exposures and age cohorts: (1) 10 control-and 8 DIO-exposed offspring, 116 to 144 days old (the approximately 16-week-old cohort); (2) 7 control-and 7 DIO-exposed offspring, 177 to 192 days old (the approximately 26-week-old cohort); and (3) 12 control-and 10 DIO-exposed offspring, 432 to 446 days old (the approximately 63-week-old cohort). At sacrifice, Urogenital Sinus (UGS) regions were removed en bloc to cold phosphate-buffered saline (PBS; pH 7.4) and DLP regions were disassociated (as previously described 8, 9 ). After fixing overnight in 4% paraformaldehyde, prostates were dehydrated to 70% ethanol and processed for paraffin-embedding overnight. The DLP were oriented with the ventral face down in paraffin. The 6-mm thick longitudinal sections were cut through the DLP (adult murine DLP exhibit morphological and proliferative heterogeneity in the distal and proximal regions of epithelial ducts 10, 11 ; this orientation allowed evaluation of both regions). Two planes were selected from each animal, 1 ventral and 1 dorsal, and planes were hematoxylin and eosin stained with standard methods (described in Benesh et al 3 ). An expert prostate pathologist (Humphrey 12, 13 ) performed blinded evaluation of prostate ductal morphology.
Statistical Model
In our previous publication, mouse prostates were scored blindly for percentage (denoted here as ''counts'') of hyperplastic ducts by an expert prostate pathologist. 3 Here, these data were modeled as a function of a set of explanatory variables in a regression setting. These were stored in the vector y with individual counts denoted y i ¼ 1, 54 for 54 cases. The explanatory variables were given in the 54 Â 7 À matrix C, with a leading column of 1s and individual-level vectors denoted C i for the ith mouse. The standard linear regression model was not appropriate because the outcome variable (hyperplasia counts) took on only nonnegative integer values. Therefore, a GLM 14 with a Poisson (log-linear) link function was used to associate the expected counts on the left-hand side of the model with the standard linear-additive right-hand side treatment of the covariates:
where b was the estimated set of regression parameters and e i was the ith residual. Thus, the b values represented the expected change in the number of counts, given changes in the explanatory variables, although this relationship was nonlinear because of the log link function; the model mentioned earlier was equivalent to E½logðy i Þ ¼ C i b. There was mild evidence of overdispersion with this specification, but a negative binomial model gave almost identical results. A small number (3.1%) of the values were missing at random. Because deleting records (cases) with missing data can lead to biased model results, 15, 16 the missing values were imputed using multiple imputation with chained equations in R and the tools for discrete missing values. 17 This gave a set of 10 fully filled-in data sets (standard for this method) that require replicated modeling and averaging of inferential results. See the review essay by Rubin 18 or the text by Schafer 19 for details.
Immunofluorescence
Prostate sections were processed in 3 batches by age range as described previously, 20 and data collected were normalized to a negative (no primary antibody) control. Briefly, sections were deparaffinized, rehydrated, and boiled for 30 minutes in 10 mmol/L sodium citrate solution for antigen retrieval. Sections were permeabilized in 0.2% TritonX-100 in PBS for 15 minutes, blocked in 10% goat serum/5% bovine serum albumin in PBS, and incubated with antiglucocorticoid receptor-a (anti-GRa; Thermo 
Results
Identifying Explanatory Variables of Prostate Hyperplasia With Statistical Modeling
We used a statistical method, GLM, to evaluate the relevant contributions of covariates to prostate hyperplasia. The outcome modeled by the statistical analysis was the count of the number of hyperplastic ducts per prostate. The 6 covariates evaluated were as follows:
1. Maternal diet: This dichotomous covariate indicated whether or not each mouse was exposed to maternal DIO (diet ¼ 1) or control (diet ¼ 0). Because we showed that this variable influences prostate hyperplasia in offspring, 3 it was treated as the critical control in the regression model. 2. Age cohort: Male offspring ages were dichotomized into 2 cohorts: those 16 weeks old or younger and those 26 weeks old or older. 3. Days old when analyzed: This was the exact age in days when the mouse was killed for analysis (distribution in Table 1 ). 4. Body weight: Body weights of the fully grown adult offspring at killing ranged from 24.3 to 45.3 g; weight may be relevant to prostate hyperplasia because obesity correlates with poor outcomes for patients with aggressive prostate cancer. 21 5. Cage density: Offspring were maintained in cages with 1 to 5 male littermates from weaning until sacrifice. We hypothesized that the number of cage mates could affect the prostate health of the subject. The number of representative animals exposed to each cage density is given in Table 2 . 6. Maternal exposure length: Mothers were exposed to the DIO diet for different lengths of time before mating, and the distribution is shown in Table 3 . Maternal DIO exposure length has been shown to affect other aspects of offspring health.
22 The resulting model is shown in Table 4 , which gives the estimated effect sizes of each explanatory variable on prostate hyperplasia in this cohort. Of the 6 potential explanatory covariates, 4 were statistically significant (P < .05), and the GLM was statistically distinct from the null model, as evidenced by the fact that the difference between the null and residual deviances was 30.293, which is in the tail of a chi-square distribution with 6 (52-46) degrees of freedom. Thus, the Poisson GLM regression model was an exceptionally good fit to the data, despite the modest sample size. Most importantly, the coefficient for Maternal diet was positive and statistically significant, which was evidence that the GLM appropriately reflected the biological context of the experiment. We conclude that this mix of explanatory variables reliably predicted the percentage of hyperplastic ducts (denoted here as ''counts'').
Age of Subjects Predicted Prostate Hyperplasia Counts
In the GLM for prostate hyperplasia, the coefficient estimate for Age cohort was positive and statistically significant (Table  4) . Thus, the older mouse cohort (26 and 63 weeks) had higher expected counts of hyperplastic ducts than the younger mouse cohort (16 weeks). This result was anticipated, as age is the most highly correlated risk factor for changes in prostate health, and we observed that aged prostates exhibited increased hyperplasia in the previous analysis. 3 In contrast, the coefficient estimate for Days old when analyzed demonstrated a small, negative, and statistically significant effect. However, the absolute value of the Days old when analyzed coefficient was 3 orders of magnitude smaller than the positive effect of belonging to the older Age cohort (effect size À0.0039, P ¼ .0094 vs 1.2585, P ¼ .0001). This suggested that the Days old when analyzed effect was an anomaly of the model and biologically irrelevant.
The GLM was next used to obtain predictions for hyperplasia counts across the range of age cohorts. To do this, all other explanatory variables were set at means except for Maternal diet, multiplied by the coefficient estimates, and the inverse link function was applied. The effect of Age cohort on both DIO-and control-exposed groups indicated that the DIO-exposed mice had higher expected hyperplasia counts than the control-exposed mice ( Figure 1A ). This was important as it confirmed the expected effect of the key treatment variable, Maternal diet. Belonging to the older cohort appeared to exacerbate the DIO-induced hyperplasia (older cohort DIO: 4.6% hyperprolific and older cohort control: 1.9% hyperprolific). Thus, these data indicated that both aging and DIO exposure were both strong predictors of prostate hyperplasia.
Maternal Exposure Length Did Not Predict Prostate Hyperplasia Counts
Longer exposures to obesogenic diets are associated with worsening overall body composition, cardiometabolic health, and obesity in exposed dams. 22, 23 Consistent with this, we previously reported that females maintained on the high-sugar/ high-fat diet for 16 weeks weighed 46.92 g, whereas chowexposed animals weighed 22.04 g, with fasting serum glucose of 145.7 to 97 mg/dL, respectively. 24 Weights of our chowexposed animals were consistent with published values for C57Bl/6J females (20.7 and 23.6 g at 3 and 5 months, respectively). 3 Thus, we hypothesized that longer maternal exposure would positively correlate with increased prostate hyperplasia in offspring. Although mothers were exposed to the highsugar/high-fat diet for 57 to 209 days before the birth of offspring, increased Maternal exposure length demonstrated no effect on offspring prostate hyperplasia counts (Table 4 ; 0.0957, P ¼ .7162). The data were logged in this model specification for a better overall fit, but no permutations of the data points demonstrated a significant effect on offspring hyperplasia. When a range of predictions based on the model was generated for Maternal exposure length, the hyperplasia outcome did not vary over time ( Figure 1B) . It is important to note that while increased Maternal exposure length failed to exacerbate the DIO exposure effect, any exposure to maternal DIO predicted higher prostate hyperplasia outcomes than chow exposure. This suggests that prostate hyperplasia is not worsened in response to increasing obesity and comorbidities in the mother but is set by an acute exposure occurring during gestation or lactation. 
Cage Density Positively Predicts Prostate Hyperplasia Outcomes and Body Weight
In the GLM, Cage density exhibited a strong positive correlation with hyperplastic duct counts ( Table 4) . Transformation of the data indicated that the differences in hyperplasia between control-and DIO-exposed offspring became increasingly distinct as the number of cage mates increased ( Figure 1C ). For example, a male offspring with 4 male cage mates was predicted to have 4.8% hyperplastic ducts if he was exposed to maternal DIO, whereas a similarly housed mouse with a control mother would be predicted to have 2.0% hyperplastic ducts. Thus, Cage density was a predictor of prostate hyperplasia in mice.
The variable Body weight did not show evidence of an effect on prostate hyperplasia in the GLM (À0.0202, P ¼ .5513). This may be due, in part, to the fact that mean body weights for control-and DIO-exposed offspring were 32.2 and 31.7 g, respectively, indicating that DIO exposure did not alter adult offspring body size (P ¼ .767). Despite this, including the explanatory covariate Body weight was critical to maintain the fit of the prostate hyperplasia model, suggesting that Body weight interacted with other covariates. Graphing the distribution of body weights for the cohort demonstrated a bimodal distribution at a cutoff point of 34.0 g (group 1 ¼ 25.0-34.0 g and group 2 ¼ 35.0-45.0 g; Figure 2 ). The majority (39 of 54) of the mice (group 1) were within normal body weight ranges for males (from 24.0 to 35.0 g 3 ). Notably, all of the heavier mice were from cages with more cage mates (Figure 2 , mean Cage density per weight range: group 1 ¼ 2.96 and group 2 ¼ 4.43), suggesting that Cage density influenced Body weight. Simple bivariate linear regression analysis of Body weight and Cage density indicated that these covariates associated (Table 5) . Taken together, these data suggested that Cage density influenced both the body weight and prostate health of the male subjects.
Glucocorticoid Receptor Expression is Elevated in Overcrowded Male Cages
Evaluation of the GLM indicated that Cage density positively predicted both prostate hyperplasia and Body weight in group-housed animals. One potential explanation was that male animals housed in crowded cages experienced alterations in stress homeostasis, which is regulated by adrenal secretion of glucocorticoids that act on GRs to stimulate physiologic responses to stressors. 25 The role of GR in prostate tissue homeostasis and cancer is not well understood, but from studies in human prostate cancer cell lines GR is abundant and overlaps with androgen receptor to regulate many genes. 26, 27 For these reasons, we hypothesized that GR could be altered in the prostates of overcrowded animals. Immunofluorescence labeling of GRa was performed on the remaining paraffinembedded prostate sections from the same cohort modeled in Table 4 . We quantitated immunofluorescence ( Figure 3A and B) as gray values and normalized to nuclear dye (gray value/ TOPRO). The ordinally ranked values demonstrated a linear positive relationship with Cage density (Figure 3C ; r ¼ .526, r 2 ¼ .277). When the data were dichotomized (animals housed with either 3 or !4 cage mates), GR protein abundance was significantly higher in animals from more crowded cages (Figure 3D ; P < .0001). Poisson GLM modeling was used to determine whether other explanatory covariates contributed to the outcome of increased GR protein (Table 6 ). Only Cage density had a positive association with GR, whereas Age cohort had a statistically significant, but negative, association. No other potential explanatory variables associated, indicating that, of the variables assessed, only number of cage mates positively predicted expression of GR in offspring prostates.
Discussion
Here, we used GLM to identify environmental exposures that may contribute to prostate hyperplasia. Three findings emerged from the GLM. First, prostate hyperplasia counts were positively associated with age of the subject. Second, the length of time the mothers were exposed to DIO did not influence prostate hyperplasia in offspring, suggesting that obesity per se, and not worsening obesity, of the mother was the key factor for that particular environmental effect. Third, Cage density associated with increased prostate hyperplasia and correlated with increased GR expression. Discovery of the Cage density effect through this statistical modeling approach illustrated the utility of developing a multivariate regression model to evaluate multiple explanatory variables in small n experiments. Together, these explanatory variables (maternal DIO, age of the subject, and cage density) all mediate risk of prostate hyperplasia in mice (Figure 4 ).
Aging and Maternal DIO May Coregulate Prostate Hyperplasia
The maternal DIO model stimulates prostate hyperplasia in C57BL/6J mice, a species that does not spontaneously develop prostate cancer. 2 Thus, it is unknown whether DIO-stimulated prostate hyperplasia is a risk factor for frank prostatic carcinoma in situ. However, the current analysis indicated that an animal's age cohort had a statistically significant positive association with the prostate hyperplasia phenotype. Given that aging is widely accepted as the most significant risk factor for prostate hyperplasia and cancer in humans, this finding lends credence to our model as one that recapitulates human prostate phenotypes. 1, 28 The current findings further suggest that maternal obesity exacerbated aging-related hyperplasia. Aging influences prostate hyperplasia in humans by altering the autonomous nervous system, neuroendocrine cell function, sex XÞ denote the mean number of male pups in a cage for that weight cohort. steroid hormone metabolism, epithelial/stromal cell interactions, and inflammation. 29 The resulting signaling changes may coordinate with signaling changes brought about by maternal DIO exposure to promote prostate hyperplasia. Future studies will seek to identify molecular mechanisms that are influenced by maternal obesity versus aging. To our knowledge, our previous study was the first to describe a maternal DIO model of prostate hyperplasia, so the length of time that mothers needed to be exposed to DIO to influence offspring prostate health was unknown. We chose 1 month before mating through gestation and lactation as a starting point. The shortest amount of time between the start of maternal DIO exposure and birth of a subject was 57 days (which may have been sufficient to affect the oocytes), and the longest was 209 days. Despite this large range, the GLM showed that increased DIO exposure length did not exacerbate the effect; any length of DIO exposure was sufficient to stimulate prostate hyperplasia in offspring. Thus, although maternal obesity and/ or exposure to a high-sugar/high-fat diet during gestation was critical for prostate hyperplasia, secondary effects due to increasing maternal obesity, and associated comorbidities may be irrelevant to the effect. Several possible time windows of exposure to high sugar/high fat and DIO could alter the oocyte, embryo, or young offspring, leading to the prostate hyperplasia response. First, the offspring may be indirectly exposed to the high-sugar/high-fat diet during gestation, which may directly alter oocyte and embryo gene expression patterning. Second, maternal DIO could indirectly influence the oocyte or the intrauterine environment of the offspring. Third, offspring consumption of high-sugar/high-fat diet after birth but prior to weaning may influence early postnatal prostate development. Forth, sires mated to high-sugar/high-fat dams are also briefly exposed to adverse dietary conditions during mating. Early life patterning has been demonstrated to influence diseases ranging from asthma/atopic conditions to mammary tumor development, often through metabolic and epigenetic misregulation, 23, [30] [31] [32] [33] [34] [35] [36] [37] making dissection of the relevant time window of exposure an important next step. Future experiments, switching mothers' diets between high sugar/high fat and control chow before, during and after conception and gestation will dissect the minimum exposure window to pattern prostate hyperplasia.
Cage Density is a Novel Potential Risk Factor for Prostate Hyperplasia
We observed that cage density is positively associated with prostate hyperplasia. Previous studies have indicated that stress homeostasis is influenced by cage density of rodents. Female rodents subjected to isolation stress exhibit increased incidence of mammary tumors. 38 We have modeled cage density stress during adult life in males. This stress is possibly imparted by nonreproductive aggression experienced between cage mates that may correlate with density. Glucocorticoids have been implicated in mediating nonreproductive-based aggression in rodents 39, 40 and have been demonstrated to regulate similar gene expression profiles as androgen receptor, the canonical regulator of prostate proliferation, in prostate. 27 We hypothesized that glucocorticoid signaling might mediate interactions between cage density and prostate hyperplasia. As an exploratory study, we were limited to retrospective examination of paraffin-embedded prostate tissues. Despite this limitation, the data from this preliminary study show that expression level of GRa is positively associated with cage density in offspring prostates. Continued work is needed in another animal cohort to test cortisol levels in mice housed at different cage densities, to quantify GRa with other standard techniques, and to test receptor activity at the nucleus in DIO exposure models to confirm these findings. Additionally, a limitation of this study is that litter size in utero might contribute to the hyperplasia effect (depicted in Figure 4 ) and parsing out this contribution should be the topic of future study.
Because established prostate cancer risk factors are few and cannot be modified, these findings provide an interesting avenue for future studies. Population dynamics studies have demonstrated that animal health exhibits plasticity in response to exploitation of resources and the physical restraint of crowding. 41 Additionally, animals housed in crowded conditions may undergo hormone signaling that can influence cage mates. [25] [26] [27] For example, pheromones can be used to signal between organisms (from Caenorhabditis elegans to rodents) via Figure 4 . A schematic model of factors that contribute to prostate hyperplasia in mice over the lifespan. Age of subjects (green) and maternal diet-induced obesity (DIO) exposure (red) positively correlated with hyperplasia counts. Additionally, increased number of male cage mates from weaning to sacrifice correlated with increased hyperplasia counts (solid blue). Litter size from preconception (in utero) through weaning (dotted blue) could also influence hyperplasia counts. chemosensory receptors. [42] [43] [44] [45] Androgen signaling directly regulates prostate proliferation and, in hamsters, the number of cells expressing androgen receptor is altered by chemosensory/pheromone input in the amygdala. 46, 47 Furthermore, androgen levels in rodents are influenced by the presence of other males and can result in fighting behaviors and cortisol hormone signaling. 48, 49 In our study, the number and aggressiveness of the males in close proximity to a test subject could have influenced chemosensory regulation and crowdingrelated signals, possibly influencing prostate tissue patterning. Therefore, controlled experiments testing the effect of group housing on prostate hyperplasia and hormone signaling are exciting avenues of future study.
No Evidence of a Body Weight Effect on Prostate Hyperplasia
This analysis indicated that body weight of the subject did not correlate with maternal DIO or prostate hyperplasia. In humans, only advanced prostate cancer is consistently associated with body weight, 50 and obesity may even be modestly protective in adolescent males. 4 Nonetheless, the body weight variable was required to maintain the fit of the overall GLM and could not be completely removed. By contrast, weights of the urogenital sinus region and DLP lobes were each irrelevant to the model (data not shown). These results suggested that the effect of body weight, as a whole, is more nuanced than the measured variables examined here. Figure 2 and Table 5 demonstrated that body weight was bimodal and that Cage density was an underlying predictor of body weight. It is possible that crowded cages could lead to competitive behaviors, increased corticosteroid hormone signaling, subsequent overeating, and increased body weight. This multifactorial interplay is similar to the etiology of human obesity. 51 Future studies will investigate these relationships.
